ABSTRACT: Tandem breast cancer C-terminal (BRCT) domains, present in many DNA repair and cell cycle checkpoint signaling proteins, are phosphoprotein binding modules. The best-characterized tandem BRCT domains to date are from the protein BRCA1 (BRCA1-BRCT), an E3 ubiquitin ligase that has been linked to breast and ovarian cancer. While X-ray crystallography and NMR spectroscopy studies have uncovered the structural determinants of specificity of BRCA1-BRCT for phosphorylated peptides, a detailed kinetic and thermodynamic characterization of the interaction is also required to understand how structure and dynamics are connected and therefore better probe the mechanism of phosphopeptide recognition by BRCT domains. Through a global analysis of binding kinetics data obtained from surface plasmon resonance (SPR) and stopped-flow fluorescence spectroscopy, we show that the recognition mechanism is complex and best modeled by two equilibrium conformations of BRCA1-BRCT in the free state that both interact with a phosphopeptide, with dissociation constants (K d ) in the micromolar range. We show that the apparent global dissociation constant derived from this kinetic analysis is similar to the K d values measured using steady-state SPR, isothermal titration calorimetry, and fluorescence anisotropy. The dynamic nature of BRCA1-BRCT may facilitate the binding of BRCA1 to different phosphorylated protein targets.
The breast and ovarian cancer susceptibility protein BRCA1 has been implicated in transcription regulation, cell cycle and centrosome control, DNA damage signaling, and DNA double-strand break repair by homologous recombination (1) (2) (3) . BRCA1 is a multidomain protein of 1863 residues that interacts with numerous proteins at diverse stages of the cell cycle. The modular nature of BRCA1 was initially revealed by the three-dimensional (3D) structure of its N-terminal RING domain in complex with the RING domain of the protein BARD1 (BRCA1-associated ring domain) (4), and it was subsequently shown that, like many other RING domain-containing proteins, the BRCA1-BARD1 heterodimer has ubiquitin ligase activity (5, 6) . At the C-terminus of BRCA1 lies a tandem of breast cancer C-terminal (BRCT) domains that has also been implicated in protein-protein interactions (7, 8) . Mutations in both the RING and tandem BRCT domains of BRCA1 have been linked to breast and ovarian tumors (9) .
The tandem BRCT domains of BRCA1 (BRCA1-BRCT) 1 form a complex with the DNA repair helicase BACH1 (10) in a phosphorylation-dependent manner (11, 12) . The BRCT domains of several other proteins also associate specifically with phosphorylated protein targets (11, 13) . Recent work suggests that BRCA1 could function as an E3 ubiquitin ligase that would recruit its associated E2 conjugating enzyme through the RING domain and its phosphorylated targets by means of the tandem BRCT domains (14, 15) . The phosphoprotein binding site of BRCA1-BRCT was revealed by the structural characterization of BRCA1-BRCT in complex with a phosphoserine-containing peptide derived from the BACH1 helicase (BACH1-P) using X-ray crystallography (16, 17) and nuclear magnetic resonance (NMR) spectroscopy (12) . The interactions of BRCA1-BRCT with other phosphopeptides have also been investigated (18, 19) . In all cases, the phosphate group of the peptide forms salt bridges and hydrogen bonds with several amino acid side chains of the first BRCT domain, whereas a conserved phenylalanine in the +3 position from the phosphorylated residue binds a hydrophobic pocket at the interface between the two BRCT domains.
To improve our understanding of the mechanism of phosphopeptide recognition by BRCA1-BRCT, a comprehensive biophysical characterization is required that can complement the structural studies. In this work, we probed the thermodynamic and kinetic aspects of BRCA1-BRCT-BACH1-P interaction. We first performed thermodynamic measurements through a series of isothermal titration calorimetry (ITC) experiments covering a wide range of temperatures and salt conditions. The results are consistent with a phosphorylation-dependent interaction that obeys a simple 1:1 binding isotherm (Langmuir model) but give a heat capacity change at constant pressure, ∆C p , that is markedly different from the value calculated from the crystal structure of the BRCA1-BRCT-BACH1-P complex. The difference between experimental and calculated ∆C p values suggested that a rigid-body binding model might not apply to this interaction. To test the possibility that phosphopeptide binding would involve some flexibility in the form of multiple conformations of BRCA1-BRCT, we performed a steady-state and kinetic analysis of the interaction by surface plasmon resonance (SPR). While the steady-state analysis of SPR data provided equilibrium dissociation constants (K d ) that are in good agreement with those derived from ITC measurements, the SPR sensorgrams did not follow the Langmuir model but exhibited biphasic kinetics of association and dissociation that were confirmed by stopped-flow fluorescence (SFF) experiments. We then sought a kinetic model that would fit both SPR and SFF data and possibly explain such a biphasic mode of interaction. Eleven models were tested using selection criteria based on information theory and statistics. The best model for the BRCA1-BRCT-BACH1-P interaction invokes two equilibrium exchange conformations of BRCA1-BRCT in the free state, each conformation being able to bind the phosphopeptide.
EXPERIMENTAL PROCEDURES
Sample Preparation. Peptides derived from the DNA repair helicase BACH1 and transcriptional corepressor CtIP were synthesized and HPLC-purified at the Mayo Clinic peptide core facility. The BRCA1-BRCT protein (residues 1646-1859) was prepared as described previously (12) and concentrated to ∼700 µM (stock solution). Final protein concentrations were determined by UV absorbance using an extinction coefficient (ε 278 ) of 36500 M -1 cm -1
, while peptide concentrations were determined by amino acid analysis. Molecular masses of protein and peptide samples were confirmed by mass spectrometry. All proteins and peptides used in this work are listed in Table S1 of the Supporting Information.
Isothermal Titration Calorimetry. Measurements were carried out with a VP-ITC titration calorimeter (MicroCal, LLC, Northampton, MA). All concentrated stocks of protein and peptide samples were prepared in the target buffer and diluted with the same buffer to achieve desired concentrations. In a typical experiment, the peptide solution was placed in the calorimeter injection syringe and delivered as a series of 3 µL injections every 3.5 min to the reaction cell containing the protein. Measurements were paired with control experiments for heat of mixing and dilution. Data were analyzed with Levenberg-Marquardt nonlinear regression using a single-binding site model (MicroCal ORIGIN 7.0). Several ITC experiments were recorded in duplicate or triplicate. The typical range of variation for enthalpy measurements was (5%.
Differential Scanning Calorimetry. High-sensitivity calorimetric measurements were carried out with a VP-DSC calorimeter (MicroCal, LLC). All experiments were conducted with 0.8 mg/mL BRCA1-BRCT. Multiple reference scans with buffer-filled cells were performed prior to each experiment to ensure that the baseline is repeatable. A typical differential scanning calorimetry (DSC) run consisted of a first heating scan with a heating rate of 1 K/min followed by a second heating scan that probed the irreversibility of the transitions being studied. All DSC experiments were conducted in at least duplicate.
Surface Plasmon Resonance. Data were collected with a BIAcore 3000 (BIAcore AB/GE Healthcare Bio-Sciences Corp., Piscataway, NJ). Running buffers were filtered through a 0.45 µm membrane and thoroughly degassed. High-volume samples (>0.5 mL) were also filtered, while low-volume samples were centrifuged (16400 rpm for 5 min) to remove any particulate matter.
Two types of biosensor surfaces were generated from streptavidin-precoated sensor chips (SA sensor chip) and shorter dextran layer chips (CM3 sensor chip) (BIAcore AB/ GE Healthcare Bio-Sciences Corp.). Neutravidin was manually immobilized on the CM3 chip via amine coupling. Details of chip activation and coupling are described in the Supporting Information. The peptides, extended at the N-terminus with biotin, a 6-aminohexanoic acid spacer, and the amino acid sequence Gly-Ser-Gly-Ser as a flexible linker, were immobilized on a chip at low density [20 resonance units (RU) of biotinylated peptide]. On the same chip, data were recorded on a control blank flow cell to account for nonspecific binding of the analyte to the matrix and for the change in refractive index. The theoretical maximum binding signal (R theo ) was determined using eq 1 (20):
where MW analyte and MW ligand are the molecular masses of the analyte (BRCA1-BRCT, 25.38 kDa) and the ligand (bBACH1-P, 2067 Da), respectively, R immobilized is the RU signal of the ligand originally immobilized on the surface, and n is the number of analyte binding sites on one molecule of the ligand. In this case, n ) 1. Assuming that the peptide is 100% active on the surface, the theoretical maximum binding signal (R theo ) is 240 RU of BRCA1-BRCT for 20 RU of immobilized peptide. Binding experiments were performed at different temperatures using a running buffer consisting of 50 mM sodium phosphate (pH 7.5), 0.005% (v/v) P20 detergent, and NaCl at a concentration of 50, 300, 600, or 900 mM. During the association phase, a BRCA1-BRCT solution at a concentration ranging from 30 nM to 8 µM was passed over the chip surface at a flow rate of 50 µL/min for 4 min. To minimize rebinding effects, the nonbiotinylated phosphopeptide was injected during the dissociation phase for 5 min as described previously (21, 22) . The free phosphopeptide concentration was 20 µM. Under these conditions, a regeneration step was not required. However, the running buffer was allowed to flow for an additional 5 min to extensively wash the chip. All experiments were carried out in triplicate. The SPR signals were recorded in real time with a sampling interval of 0.5 s and plotted as RU versus time.
Data processing was performed using BIAevaluation 4.1 (BIAcore AB/GE Healthcare Bio-Sciences Corp.) by a procedure termed "double referencing" (23) (see the Supporting Information for details) in which sensorgrams were corrected for buffer effect and bulk refractive index changes.
The steady-state binding signal (R eq ) was derived by averaging the signals from 230 to 235 s after each BRCA1-BRCT injection and plotting the average signal as a function
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Biochemistry, Vol. 47, No. 37, 2008 9867 of BRCA1-BRCT concentration with ORIGIN 7.0 (OriginLab). By assuming a single-site equilibrium model, the binding isotherm signal (R eq ) was used to determine the equilibrium dissociation constant (K d ) by nonlinear regression (weighted by experimental errors) following the formula derived from the Langmuir isotherm (24) :
C is the concentration of free analyte during the binding and is approximately equal to the total analyte concentration since the amount of immobilized peptide is very small. R max is the maximum capacity of the surface and is to be compared to the theoretical maximum binding rate (R theo ) of 240 RU for BRCA1-BRCT. R min is the signal expected in the absence of analyte (C ) 0). After subtraction of the reference signal, R min should be as close to zero as possible in the fit. Kinetic analysis of SPR data was performed using BIAevaluation 4.1 (BIAcore AB/GE Healthcare Bio-Sciences Corp.) and CLAMP (25, 26) . The two programs fit various models to experimental data by using numerical integration of the rate equations. For the best accuracy, global analysis was performed by simultaneously fitting the experimental association and dissociation curves at several BRCA1-BRCT concentrations. The quality of the fit was initially assessed by the residual standard deviation (STD) value. Data linearization and statistic calculations for model selections were performed with Microsoft Excel. ORIGIN 7.0 (OriginLab) was used for the analysis of steady-state SPR data.
Fluorescence Studies. Equilibrium and fluorescence anisotropy spectra were acquired using a Jobin Yvon Fluorolog 3 spectrofluorometer (HORIBA Jobin Yvon, Edison, NJ) with a 0.5 cm path length cell. All measurements, including unfolding experiments with guanidinium chloride (GdmCl), were performed at 25°C with 2 µM protein samples in 50 mM sodium phosphate (pH 7.5) and 300 mM NaCl. The bandwidth for excitation and emission was 5 nm. For equilibrium fluorescence spectra, tryptophan residues were selectively excited at 295 nm and the emission was recorded from 308 to 400 nm. For the fluorescence anisotropy experiments, a dansyl-labeled BACH1 peptide (dBACH1-P) was used at a concentration of 4 µM and the maximum BRCA1-BRCT concentration was 6 µM. Excitation and emission wavelengths were 332 and 580 mm, respectively.
Stopped-flow fluorescence experiments for detecting changes in the dBACH1-P signal were performed using an Applied Photophysics (Leatherhead, Surrey, U.K.) SX.18MV stoppedflow spectrometer. The excitation wavelength was 332 nm, and the emitted light was recorded using a 395 nm cutoff filter between the cell and the fluorescence detector. The reported concentrations were those in the reaction chamber. Each trace was the average of three to four trials, depending on the signal intensity.
All stopped-flow data were analyzed globally using a computer program we developed that is based on exhaustive global minimization algorithm SIH (simplex-induction hybrid) (27) and Livermore ODE solver LSODA (28) . For each reaction mechanism, first-order ordinary differential equations were numerically integrated and the unknown rate constants were determined by nonlinear regression, while multiple traces corresponding to different initial concentrations of BRCA1-BRCT or BACH1-P were simultaneously fit.
RESULTS

Optimization of Experimental Conditions.
Working with high-quality protein and peptide samples is essential for reliable kinetic and thermodynamic measurements. Thus, several controls were performed at the outset to ensure that all samples used were stable and homogeneous. DSC was performed to assess the conformational stability of BRCA1-BRCT. The heat denaturation profiles exhibit irreversible endothermic transitions at T m (temperature at maximum 〈∆C p 〉) values of 50 and 57°C for the free and peptide-bound BRCA1-BRCT, respectively ( Figure 1A) . A similar result for the thermal denaturation of BRCA1-BRCT in the free state was previously reported (29) . The denaturation profile shows that the start of the unfolding transition for free BRCA1-BRCT occurs at ∼42°C. In complex with BACH1-P, BRCA1-BRCT starts to unfold at ∼47°C ( Figure 1A) . The temperatures at which we carried out our experiments were all below 42°C where the proteins remain native, folded, and stable. Sample stability was also evaluated from the guanidinium chloride (GdmCl) denaturation profiles using fluorescence spectroscopy ( Figure 1B ). The minimum fluorescence emission wavelength detected at 2.25 mM GdmCl for the tandem BRCT domains is due to an intermediate species which remains partly folded, as previously reported (30) .
Analytical ultracentrifugation measurements were conducted to detect a possible self-association or aggregation of BRCA1-BRCT in solution. Sedimentation equilibrium experiments conducted on BRCA1-BRCT at concentrations of up to 0.35 mg/mL (14 µM) attest to the presence of a single species, as judged from the randomness of the residuals derived from a single-exponential analysis of the data ( Figure 1C ). The best-fit molecular mass obtained for free BRCA1-BRCT is 24.6 ( 0.2 kDa, which is in close agreement with the molecular mass of 25.38 kDa expected for the monomeric protein. To check for the possibility of dimer formation, the same data were fitted to a biexponential model. On the basis of this fit, if a dimer exists in solution it represents less that 10 -10 of the total number of protein molecules. Equilibrium sedimentation measurements were also conducted for the BRCA1-BRCT-BACH1-P complex and revealed two species in solution, consistent with the presence of free and peptide-bound BRCA1-BRCT ( Figure  1D ). All subsequent kinetic and thermodynamic studies were conducted at a BRCA1-BRCT concentration of e14 µM.
The Interaction of BRCA1-BRCT and BACH1-P Is Enthalpically DriVen. The energetics of association of BRCA1-BRCT with BACH1-P was measured directly by ITC. Figure  2 shows a typical calorimetric titration of BRCA1-BRCT with BACH1-P at 25°C. The heat profile obtained for the addition of BACH1-P to BRCA1-BRCT is characteristic of an exothermic reaction. A control experiment in which the phosphopeptide was injected into buffer solution shows insignificant heat of dilution. No binding could be detected when a nonphosphorylated BACH1 peptide (BACH1-NP) was injected into the BRCA1-BRCT solution.
The enthalpy change upon binding (∆H°) -14.8 ( 0.4 kcal/mol), the stoichiometry of the interaction (n ) 0.99 ( 0.01), and the dissociation constant (K d ) 0.41 ( 0.03 µM) were obtained by fitting the binding isotherm to a singlebinding site model using nonlinear least-squares regression.
We also calculated the unitless parameter c (c ) n[BRCA1-BRCT]/K d ) whose value of 45.5 falls within the optimal range of c values (10 < c < 100) for the accurate determination of the K d (31) .
Assuming a standard-state concentration of 1 M, the free energy change (∆G°) for the binding of BACH1-P to BRCA1-BRCT was calculated to be -8.65 ( 0.02 kcal/mol using the formula ∆G°) -RT ln K a . Knowing the values of ∆G°and ∆H°, the parameter ∆S°was then determined to be -20 ( 2 cal mol -1 K -1 (from T∆S°) -6.1 ( 0.6 kcal/mol at 25°C). These results show that the binding of BACH1-P to BRCA1-BRCT is enthalpically driven at 25°C .
Effect of Salt on the Binding Energetics Probed by ITC.
To test if the BRCA1-BRCT-BACH1-P association is dependent on electrostatic interactions, we performed a series of calorimetric titrations at 25°C at NaCl concentrations ranging from 0.05 to 0.9 M. We noted that at lower salt concentrations BRCA1-BRCT is prone to aggregation. Table  1 summarizes the thermodynamic parameters ∆G°, ∆H°, and ∆S°derived from these experiments. In all cases, binding of BRCA1-BRCT to BACH1-P is enthalpy-driven. The apparent K d increases by only 2-fold from 0.05 to 0.9 M NaCl, indicating that the BRCA1-BRCT-BACH1-P association is mainly nonelectrostatic in nature. Replacement of NaCl with KCl revealed a similar salt dependency of the K d (data not shown). The moderate decrease in affinity with increasing salt concentration might be due to electrostatic screening of the charge-charge interactions involving phosphoserine 990 of BACH1-P with lysine 1702 of BRCA1-BRCT, as well as lysine 995 of BACH1-P with glutamate 1836 and aspartate 1840 of BRCA1-BRCT, as seen in the crystal structures (16, 17) . FIGURE 2: ITC of BACH1-P with BRCA1-BRCT at 25°C in 50 mM sodium phosphate buffer (pH 7.5) and 300 mM NaCl. Shown from top to bottom are the raw titration data of BACH1-P injected into buffer, BACH1-NP injected into BRCA1-BRCT, and BACH1-P injected into BRCA1-BRCT and the integrated heat measurements for the titration of BRCA1-BRCT with BACH1-P. The K d and stoichiometry (n) obtained by fitting a standard one-interaction site model are reported with the associated standard deviations determined by nonlinear least-squares analysis.
Effect of Temperature on the Binding Energetics Probed by ITC.
To determine the effect of temperature on the BRCA1-BRCT-BACH1-P interaction, we performed calorimetric titrations from 10 to 45°C. The variations of ∆G°, ∆H°, and ∆S°against temperature are plotted in Figure 3A , while Table S2 of the Supporting Information lists the values. At any given temperature, the binding of BRCA1-BRCT to BACH1-P is characterized by a large favorable enthalpy change and a small unfavorable entropy change. At 30°C, we start to see nonlinearity of ∆H°and T∆S°with temperature and the stoichiometry n starts to deviate from 1. These observations cannot be explained by thermal denaturation of BRCA1-BRCT, for the DSC data indicate that thermal denaturation of BRCA1-BRCT starts to occur only above 42°C in the absence of peptide and 47°C in the presence of BACH1-P ( Figure 1A) . The deviation from linearity may be linked to coupled equilibria taking place upon formation of the complex.
The Heat Capacity of the Reaction Is Inconsistent with the Value Determined from the 3D Structure of the BRCA1-BRCT-BACH1-P
Complex. An estimate of the change in constant pressure heat capacity, ∆C p , upon formation of the BRCA1-BRCT-BACH1-P complex was determined from a plot of ∆H°as a function of temperature in the 10-30°C range ( Figure 3A ) using the standard thermodynamic relationship:
The value of ∆C p derived by this method (∆C p ) -340
) is similar to that obtained from fitting the inverse temperature dependency of log K d using the integrated form of the van't Hoff equation
). ∆C p can also be derived from 3D structures using an empirical relationship (32) based on the change in nonpolar (∆A np ) and polar (∆A p ) surface areas that occurs upon formation of the complex (eq 4):
Although this formula was initially devised for protein folding processes, it also applies to protein-protein interactions (33) . Using the crystal structure of the BRCA1-BRCT-BACH1-P complex [Protein Data Bank (PDB) entry 1T29 (17)] as well as the atomic coordinates of BRCA1-BRCT only from the same PDB entry, the changes in the buried nonpolar and polar surface areas at the protein-peptide interface upon formation of the complex were determined to be -386.4 and -278.1 Å 2 , respectively. These calculations were done with the algorithm of Lee and Richards (34) implemented in NACCESS. Using eq 4, we calculated a ∆C p value of -101 ( 16 cal mol
, which deviates markedly from the values derived from the ITC experiments. Such a discrepancy in calculated versus observed ∆C p might be explained by taking into account the uptake or release of protons (35) , or some other perturbations in the protein structure upon formation of the complex.
To clarify the effect of protonation, we conducted ITC experiments in four buffer solutions with different heats of ionization. The apparent binding enthalpies ∆H°o bs were plotted against the ionization enthalpies of the buffers, ∆H°i on ( Figure 3B ), from which, following eq 5, we determined the intrinsic binding enthalpy (∆H°b ind ) and n pro , the molar Table 1 : Ionic Strength Dependence of the Thermodynamic Parameters for the Binding of BRCA1-BRCT to BACH1-P Characterized by ITC in 50 mM Sodium Phosphate (pH 7.5) at 25°C a and Different NaCl Concentrations 
BACH1-P binding to BRCA1-BRCT exhibited a low number of protons released (n pro ) -0.2 ( 0.1); hence, a protonation effect does not explain the discrepancies in ∆C p . This finding prompted us to perform SPR-based measurements to investigate not only the thermodynamics but also the kinetics of the interaction.
Steady-State Analysis of the Interaction of BRCA1-BRCT with bBACH1-P by SPR.
Biotinylated peptides immobilized on BIAcore CM3 neutravidin-or SA streptavidin-coated chips were used for the SPR experiments. We verified that the biotin moiety does not interfere with binding by measuring by ITC the dissociation constants of the interaction of BRCA1-BRCT with both biotinylated (bBACH1-P) and nonbiotinylated (BACH1-P) peptides. The K d values obtained were similar: 0.23 ( 0.02 and 0.41 ( 0.03 µM, respectively. Figure 4A shows sensorgrams resulting from the interaction of BRCA1-BRCT with biotinylated BACH1-P captured on the streptavidin surface of an SA chip. The peptide was first immobilized up to a level of ∼20 RU. BRCA1-BRCT was then passed at a concentration of 1.6 µM over the bBACH1-P-coated chip surface. An increase in the magnitude of the response was observed, indicating that BRCA1-BRCT was binding bBACH1-P. In contrast, there was insignificant change in RU when BRCA1-BRCT was passed over the streptavidin surface without any peptide or with a biotinylated but nonphosphorylated peptide (bBACH1-NP), confirming the specificity of the interaction of BRCA1-BRCT with phosphorylated bBACH1.
The sensorgrams attain a steady-state response during the association phase. This equilibrium response (R eq ) was recorded at multiple BRCA1-BRCT concentrations and used to determine the K d for the interaction of BRCA1-BRCT with bBACH1-P (eq 2). Sample binding isotherms are shown in Figure 4B , from which at 25°C a K d of 0.33 ( 0.02 µM and an R max of 152 ( 3 RU were extracted. This K d is in good agreement with the values obtained from ITC measurements (0.23 ( 0.02 and 0.41 ( 0.03 µM for BRCA1-BRCT in complex with bBACH1-P and BACH1-P peptides, respectively). R max , which represents the maximum capacity of the surface, also compares well with the theoretical maximum capacity (R theo ) of 175 RU calculated using eq 1, indicating a stoichiometry of 1:1 for the BRCA1-BRCT-bBACH1-P interaction, similar to what was found in ITC experiments for the BRCA1-BRCT-BACH1-P interaction.
Salt and Temperature Dependence of BRCA1-BRCT-bBACH1-P Interaction Probed by SPR. To complement the ITC-based salt dependence study of the BRCA1-BRCT-BACH1-P interaction, we performed SPR steadystate analyses of the interaction of BRCA1-BRCT with bBACH1-P at four NaCl concentrations. All measurements were conducted with 15 RU of immobilized bBACH1-P on an SA sensor chip. Table 2 summarizes the results from fitting the data according to eq 2. The dissociation constants have values similar to those obtained from ITC. Furthermore, as shown using ITC, the SPR-derived dissociation constants do not appreciably depend on ionic strength.
In Figure 5A , a plot of log K d versus log[NaCl] exhibits a linear relationship according to eq 6:
where the slope of the plot gives the phenomenological salt coefficient (Γ salt ) (36) . For ITC and SPR, Γ salt equals -0.22 ( 0.01 and -0.26 ( 0.06, respectively. According to several studies, one unit of absolute total charge gives a Γ salt value of -0.25 (36, 37) . Thus, a Γ salt value of -0.22 implies that a net charge of ∼1 is involved in the interaction. Extrapolation of the plot in Figure 5A to 1 M NaCl gives a K d that can be used to calculate ∆G°(1 M NaCl), providing an estimate of the nonelectrostatic fraction of the binding energy. 
BRCA1-BRCT Binding to Phosphopeptides
Biochemistry, Vol. 47, No. 37, 2008 9871 At 25°C, ∆G°(1 M NaCl) is -8.5 kcal/mol. Even at this high salt concentration, the binding energy is more than 90% (8.5/8.7 × 100%) nonelectrostatic in nature, in agreement with the results from ITC that protonation has a negligible effect on the interaction of BRCA1-BRCT with BACH1-P. Steady-state SPR experiments were also conducted at several temperatures. Figure 5B shows the van't Hoff plots (ln K d vs 1/T) determined from both ITC-and SPR-derived K d values. There is a good agreement between the ∆H°v alues derived from the two data sets. The interaction is largely driven by a favorable enthalpy change. Table S3 of the Supporting Information summarizes the results of data fitting to eq 2.
Biphasic BehaVior of BRCA1-BRCT-BACH1-P Interaction from SPR Data.
The equilibrium dissociation constants derived from SPR are very similar to those obtained from ITC. However, the SPR sensorgrams are incompatible with a Langmuir model of the binding mechanism (Figure 4) . A thorough design and analysis of the experiments, as well as the recording of multiple control experiments, led us to conclude that potential artifacts of the SPR measurements (24), such as mass transport during the association phase and rebinding of the protein during the dissociation phase, could not fully account for the deviation from the Langmuir model (see the Supporting Information for details).
Thus, the protein-peptide interaction mechanism is complex, and this is illustrated by the biphasic nature of association of BRCA1-BRCT with and dissociation of BRCA1-BRCT from the peptide-coated surface ( Figure 6 ). The linearized SPR data for the protein association phase (i.e., plot of dR/dt vs R for each BRCA1-BRCT concentration) follow two discontinuous straight lines ( Figure 6A ). The linearization procedure is described in the Supporting Information. The first line has a steep slope and describes a fast reaction, while the other line has a more gradual slope and represents a slow reaction. The slopes of the fast and slow reactions are plotted against BRCA1-BRCT concentration in Figure 6B ; while the former increases with BRCA1-BRCT concentration and then plateaus, the latter is essentially independent of BRCA1-BRCT concentration. The linearized SPR data for the protein dissociation phase (i.e., ln R vs time) can also be approximated by two straight lines with different slopes ( Figure 6C ). Tables S3 and S4 of the Supporting Information. The linear fit was weighted using error bars (1/error 2 ) with ORIGIN 7.0. 
SFF Spectroscopy Confirms the Biphasic Nature of the BRCA1-BRCT-BACH1-P Interaction.
To independently verify the biphasic kinetic of BACH1-P binding to BRCA1-BRCT, this interaction was also probed using SFF spectroscopy. For this study, a dansyl group, an environmentally sensitive fluoroprobe, was attached to the N-terminus of BACH1-P (dBACH1-P) and the fluorescence anisotropy of the dansyl group was monitored. Recording fluorescence anisotropy for 4 µM dBACH1-P with increasing concentrations of BRCA1-BRCT produces an isotherm that fits eq s4 of the Supporting Information, which is specific for a 1:1 complex ( Figure S1 of the Supporting Information). The apparent dissociation constant (K d ) was determined to be 0.18 ( 0.05 µM, which is similar to what was obtained from ITC experiments conducted with the bBACH1-P peptide (0.23 ( 0.02 µM) and the BACH1-P peptide (0.41 ( 0.03 µM), indicating that the dansyl group does not affect the interaction.
We first investigated the kinetics of BRCA1-BRCT binding to dBACH1-P under pseudo-first-order conditions with respect to BRCA1-BRCT concentration, i.e., where a large excess of BRCA1-BRCT was present inside the reaction chamber ( Figure 7A ). The fluorescence signal due to dilution of dBACH1-P into buffer is the same as the signal of the first data point obtained after the fluorescent peptide and the protein are mixed, indicating that there is no fluorescence decay during the dead time. The experimental curve for the association (and dissociation, as discussed below) is adequately described by a biexponential nonlinear least-squares fit (solid line) but not by a monoexponential fit (dashed line). Multiexponential functions with more than two exponentials did not improve the statistics of the fit (data not shown).
Next, we investigated the dissociation profile for the BRCA1-BRCT-dBACH1-P complex by displacement experiments, where an excess of dansyl-free bBACH1-P peptide was added to a preformed BRCA1-BRCTdBACH1-P complex. The decrease in fluorescence intensity due to the dissociation of the complex is shown in Figure  7B . The association and dissociation curves indicate a biphasic process as seen in our SPR results ( Figure 6C ).
Thus, we independently confirmed by SFF the biphasic nature of the BRCA1-BRCT-BACH1-P interaction.
A biphasic binding has usually been interpreted in terms of one or two limiting kinetic pathways. To improve our understanding of the interaction of BRCA1-BRCT with BACH1-P, we tested 11 models derived from binding mechanisms that include a two-step (dependent and independent) reaction. These models, designated A-K, are illustrated in Figure 8 . Models A and B represent situations in which the analyte-ligand complex interacts with a second ligand and analyte, respectively. Model C involves an intermediate conformation of the complex. Models D and E assume two different populations of either the ligand in the matrix or the analyte in solution. Model F is characterized by an equilibrium between a monomeric protein and a dimeric protein, both forms being capable of interacting with the ligand. Model G is similar to model C but with an additional pathway. Model H considers an exchange between two forms of the analyte; one form interacts with the ligand to produce a complex that passes through a conformational change. Models I and J are similar to models D and E, respectively, but they additionally involve exchange between two species of the ligand (model I) or the analyte (model J). Model K describes two analyte populations interacting with the ligand to form respective complexes that are in exchange.
Selection of Models Compatible with SFF Data. We investigated by SFF the kinetics of BRCA1-BRCT binding over a range of BRCA1-BRCT concentrations (1-15 µM) and a single concentration (1 µM) of dBACH1-P. SFF data were analyzed globally by weighted nonlinear least-squares fitting using models A-K with a computer program developed in-house. The standard deviations for all models and selected residuals of the fitting are listed in Table 3A and shown in Figure 9 , respectively. If a model adequately represents an interaction, the differences between experimental and predicted values, or residuals, are minimal and scattered around zero.
The standard deviation criterion (STD) and the sum of squares of the residuals ( 2 ) are parameters often used to compare models. In the case of the BRCA1-BRCT-BACH1-P 
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Biochemistry, Vol. 47, No. 37, 2008 9873 interaction, however, the STD values for C and F-K models are fairly similar. Furthermore, the two models (A and K) with the most dissimilar STD values (Table 3A) do not show marked differences in the distribution of the residuals ( Figure  9 ). Thus, additional selection criteria consisting of the modified Akaike information criterion (MSC), the Bayesian information criterion (BIC), and the Hannan-Quinn information criterion (HQIC) (see the Supporting Information for details) were used in the search for the most suitable model. The best model is expected to have the largest MSC and lowest BIC and HQIC values. On the basis of the MSC, BIC, and HQIC values for the different models reported in Table  3A , the best model would have to be model K. We note, however, that the values for model K are not very far from those of the other models, except models A and B, prompting us to include Zwanzig's statistical selection criterion (38, 39) (see the Supporting Information for details) in our model search. Zwanzig's statistical selection criterion allows direct comparison of two models, u and V. Accordingly, if T uv > 1.96, model V is more appropriate than model u (with a significance level R ) 0.05), and if |T uv | e 1.96, both models are equally appropriate. With a T AK of 10.27, Zwanzig's criterion confirms that model A is not a good model for the SFF data compared to model K. On the other hand, the criterion clearly shows that models F and J (with a T FK of 1.89 and a T JK of 1.41) fit to the SFF data as well as model K does. Conversely, we performed a series of SFF experiments in which different BACH1-P concentrations (1, 2, 4, and 8 µM) were used against a constant concentration of BRCA1-BRCT (1 µM). The SFF traces of BACH1-P fluorescence collected at 0.1 and 200 s time bases are shown in Figure 10A . A biphasic behavior is again observed, suggesting that the binding reaction proceeds in at least two independent or interdependent states. As before, the SFF data were analyzed globally by weighted nonlinear least-squares fitting using models A-K with the computer program that we developed. The values for the different selection criteria are listed in Table 3B . Accordingly, models J and K emerge as the best models for describing the interaction of BRCA1-BRCT and BACH1-P.
Compatibility of Model J to SPR and SPF Data. We reanalyzed our SPR data collected for eight concentrations of BRCA1-BRCT (0.03-8 µM) using the models (J and K) found to be most compatible with all the SFF data. Since Clamp 3.50 (26) can incorporate analyte exchange prior to ligand interaction, a common feature of the two models, Clamp 3.50 was used in the fitting. A mass transportation effect was also taken into account by forcing the mass transport constant k t to a value consistent with a monomeric species of BRCA1-BRCT. The rate constants obtained for the SFF data were used as starting values in the fitting of the SPR data. Values obtained for the STD, MSC, and T XK criteria as well as the fit results are summarized in Table 4 . From these values, it becomes apparent that model J is more appropriate than model K in describing the interaction of BRCA1-BRCT and BACH1-P.
Panels A and B of Figure 10 display the global fitting and residuals of the SFF time course traces for each of the four dBACH1-P concentrations using model J. Using the same model, the global fitting and residuals of the SPR data recorded for each of the eight BRCA1-BRCT concentrations are shown in panels C and D of Figure 10 . These plots illustrate the excellent agreement between experimental and modeled data, with a quasi-random distribution of residuals with very low amplitudes. Taking all these observations into account, model J is the most appropriate model for describing the BRCA1-BRCT-BACH1-P interaction.
DISCUSSION
Complementary to the 3D structures of BRCA1-BRCT in the free state and in complex with BACH1-P that revealed one conformation only for BRCA1-BRCT (7, 16, 17) , the kinetic and thermodynamic characterizations presented here provide direct evidence that the phosphopeptide binding mechanism of BRCA1-BRCT is more complex than a simple 1:1 Langmuir binding mode. Initially, we noted a marked discrepancy between measured ∆C p and ∆C p calculated empirically from 3D structures that suggested a complex binding mode (40, 41) . In general, a good agreement between measured and theoretical ∆C p values holds true for interactions that conform to a rigid-body binding model (42, 43) . In this case, deviation from the theoretical ∆C p value can sometimes be explained by the protonation of ionizable amino acids of the protein or ligand, or both, not being properly taken into account (44) (45) (46) . ITC and steady-state SPR experiments probing the interaction of BRCA1-BRCT with a phosphorylated BACH1 peptide done in four different buffers with varying ionization enthalpies and under increasing NaCl and KCl concentrations show that peptide binding is not appreciably linked to the protonation of ionizable groups in the protein or peptide, and thus, these experiments rule out a protonation effect to explain the discrepancy between measured and theoretical ∆C p values.
The nonlinearity of ∆H°and T∆S°as determined by ITC and SPR at equilibrium is another indication of a complex binding mechanism suggesting that linked conformational equilibria drive the interaction and that a rigid-body binding model does not apply to the BRCA1-BRCT-BACH1-P interaction. This observation is consistent with the biexponential kinetics of association and dissociation revealed by SPR. However, drawing meaningful conclusions from nonLangmuir SPR kinetic data can be difficult, for one must ensure that the anomalous kinetics of binding is not due to experimental artifacts common to surface-based measurements (47) . Thus, all kinetic measurements were recorded under experimental conditions that minimize mass transport, steric hindrance, molecular crowding, and analyte rebinding, and several control experiments were conducted, from which we concluded that while the complexity of the SPR binding curves might be partially due to residual mass transport effect, the biexponential kinetics of association and dissociation could not be fully explained by nonoptimal experimental conditions. This conclusion was independently supported by a stopped-flow fluorescence study of the same interaction, with protein and peptide in solution, that shows similar biphasic kinetics of BRCA1-BRCT-BACH1-P association and dissociation. The two approaches are complementary as SPR probes the adsorption of BRCA1-BRCT on a BACH1-P peptide-coated surface while stopped-flow fluorescence probes a dye-labeled BACH1-P peptide for its binding to BRCA1-BRCT. Eleven models were invoked to explain the biphasic kinetics of BRCA1-BRCT-BACH1-P interaction as manifested in both the SPR and SFF data. Although selection criteria were applied to all 11 models, four models were clearly inconsistent with a number of experimental results and could be easily discarded. The models reflecting analyte or ligand dimerization after complex formation (models A and B) were ruled out on the basis of a poor fit to experimental data and results of analytical ultracentrifugation showing that there is no multimerization of BRCA1-BRCT in the free or peptide-bound state. Model E was likewise discarded as it invokes analyte heterogeneity that may arise from the coexistence of monomeric and multimeric forms of BRCA1-BRCT or from two conformations of BRCA1-BRCT in the free state, but analytical ultracentrifugation results are inconsistent with dimerization or a higher degree of multimerization. Model D implies heterogeneity of the ligand, which might arise from the peptide proline cis-trans isomerization previously suggested from NMR spectroscopy experiments (12) . SPR experiments recorded with a bBACH1-P peptide in which an alanine replaces the proline gave sensorgrams that can be superimposed with those obtained using the wild-type bBACH1-P peptide (data not shown). This showed that proline isomerization was not the cause of the biphasic association and dissociation signals, making model D unlikely to explain the experimental data. Using STD, residuals, MSC, BIC, HQIC, and the Zwanzig selection criteria on all models, ultimately we picked model J to be the best model matching all experimental data.
The equilibrium exchange between the two conformations of BRCA1-BRCT in the free state (A 1 and A 2 ) is described by the following rate constants: k af ) 2 × 10 -3 to 2 × 10 . Such a conformational exchange might explain the observation of resonance line broadening in the 1 H- 15 N NMR correlation spectra of BRCA1-BRCT (12), although a slower kinetic exchange would be expected.
Several observations suggest that the two conformations of BRCA1-BRCT may result from distinct stacking interactions of the two BRCT domains. In agreement with this idea, the 23-residue inter-BRCT linker region is poorly defined in the electron density of the 2.5 Å resolution structure of BRCA1-BRCT (7) and the 3D structure of the isolated C-terminal BRCT domain is unchanged compared to the same domain in the context of the tandem repeats (48) . Furthermore, the GdmCl denaturation profile of free BRCA1-BRCT tandem repeats shows two transitions (Figure 2A) , unlike the single transition observed in the denaturation profile of the isolated C-terminal BRCT domain of BRCA1 (BRCA1-BRCT-ct) (Figure 2A) . Thus, we speculate that the minimum fluorescence emission wavelength detected at 2.25 mM GdmCl for the tandem BRCT domains might be due to an intermediate species corresponding to a change in the relative orientation of the two BRCT domains. At higher GdmCl concentrations, the individual BRCT domains unfold.
Also consistent with interdomain flexibility leading to two distinct stacking interactions of the BRCT domains are the slightly different dissociation constants determined for the two conformations, A 1 and A 2 , of BRCT1-BRCT when binding data are analyzed with model J. Differences in affinity are expected as a key conserved aromatic residue of the phosphopeptide (phenylalanine 993 in BACH1) binds a hydrophobic pocket at the interface of the two BRCT domains. For conformation A 1 , the dissociation constant K d1 ()k 1r /k 1f ) is 0. 43 The conformational flexibility of the tandem BRCT domains may facilitate the interaction of BRCA1 with its multiple known phosphoprotein binding partners (11, 14, (50) (51) (52) (53) . For comparison with BACH1-P, we also probed the SPR kinetics of interaction of another phosphopeptide derived from the transcriptional corepressor CtIP, an alternative target of BRCA1 (14, 54) . While CtIP has an ∼5-fold lower affinity than BACH1-P (K d ) 1.3 ( 0.1 µM), in this case again the kinetics of association of the peptide to and dissociation of the peptide from BRCA1-BRCT are biphasic (data not shown), suggesting that the intrinsic conformational dynamics of BRCA1-BRCT determines its capacity to bind different phosphopeptide sequences.
In summary, by undertaking a thermodynamic and kinetic study of the interaction of BRCA1 tandem BRCT domains with phosphopeptides, we have derived a complex mechanism in which two conformations of BRCA1-BRCT bind a phosphopeptide. By providing a dynamic view of the interaction, in the future, our results may help correlate some of the mutations in BRCA1-BRCT with tumor formation. Analysis of the 3D structure of the BRCA1-BRCT-BACH1-P complex has explained the effect of a limited number of missense mutations, those that directly perturb the phosphopeptide binding interface (55) . While a number of amino acid substitutions lead to destabilization or unfolding of BRCA1-BRCT (56-58), other mutations may affect the binding of phosphorylated targets in a more subtle way by parameters are only presented for models that are adequate. In-house software was used to fit SFF data. SFF data were generated by mixing several concentrations of BRCA1-BRCT (final concentrations between 0.5 and 18 µM) with a final constant concentration of dBACH1-P of 1 µM. Clamp 3.50 was used to fit SPR data. SPR data were generated by injecting eight concentrations of BRCA1-BRCT (0.03-8 µM) over a surface coated with 15 RU of biotinylated BACH1-P. Parameter values (first lines) and errors (second lines) for each model were deduced from a Monte Carlo analysis (see the Supporting Information).
b r1, r2, and r3 correspond to the fluorescence amplitude of each species (B, A1B, and A2B, respectively). c Residual standard deviations (STDs) for SFF data were calculated using in-house software, while Clamp was used for SPR data.
d Units for this reaction are µM -1 s -1 .
e The mass transport constant kt was determined using Clamp, assuming a monomeric species of BRCA1-BRCT. f The MSC parameter corresponds to the modified Akaike selection criterion.
g The TXI parameter corresponds to Zwanzig's statistical model selection criterion. h Parameters for which the error is equal to zero were not allowed to vary during the fit to ensure convergence.
altering the equilibrium exchange between the two conformations of BRCA1-BRCT. More work is needed to test this hypothesis.
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